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ABSTRACT

Polarized dust continuum emission has been observed with Atacama Large Millimeter/submillimeter Array in an increasing

number of deeply embedded protostellar systems. It generally shows a sharp transition going from the protostellar envelope to

the disc scale, with the polarization fraction typically dropping from ∼5 per cent to ∼1 per cent and the inferred magnetic field

orientations becoming more aligned with the major axis of the system. We quantitatively investigate these observational trends

using a sample of protostars in the Perseus molecular cloud and compare these features with a non-ideal magnetohydrodynamic

disc formation simulation. We find that the gas density increases faster than the magnetic field strength in the transition from

the envelope to the disc scale, which makes it more difficult to magnetically align the grains on the disc scale. Specifically, to

produce the observed ∼1 per cent polarization at ∼100 au scale via grains aligned with the B-field, even relatively small grains

of 1µm in size need to have their magnetic susceptibilities significantly enhanced (by a factor of ∼20) over the standard value,

potentially through superparamagnetic inclusions. This requirement is more stringent for larger grains, with the enhancement

factor increasing linearly with the grain size, reaching ∼2 × 104 for millimetre-sized grains. Even if the required enhancement

can be achieved, the resulting inferred magnetic field orientation in the simulation does not show a preference for the major

axis, which is inconsistent with the observed pattern. We thus conclude that the observed trends are best described by the model

where the polarization on the envelope scale is dominated by magnetically aligned grains and that on the disc scale by scattering.

Key words: magnetic fields – MHD – polarization – protoplanetary discs – stars: formation – stars: protostars.

1 IN T RO D U C T I O N

Magnetic fields have long been viewed as a key ingredient in

molecular clouds and star formation (McKee & Ostriker 2007).

This view has been greatly strengthened by polarimetric observations

of dust continuum emission in recent years, especially through the

Planck all-sky survey (e.g. Planck Collaboration XIX 2015) and

Atacama Large Millimeter/submillimeter Array (ALMA; e.g. Hull

& Zhang 2019). On the relatively large cloud scales probed by

Planck, there is little doubt that the polarized dust emission traces the

magnetic field because the (relatively small, sub-micron-sized) dust

grains are known to be preferentially aligned with their short axis

along the magnetic field (e.g. Andersson, Lazarian & Vaillancourt

2015). On the much smaller scales probed by ALMA, the situation

is less clear, which is the focus of our investigation.

In particular, ALMA has detected dust polarization in an increasing

number of protostellar systems that are still deeply embedded in

� E-mail: kl4sf@virginia.edu

their massive envelopes (e.g. Hull et al. 2017, 2020; Cox et al.

2018; Maury et al. 2018; Sadavoy et al. 2018a, b, 2019; Kwon

et al. 2019; Le Gouellec et al. 2019; Takahashi et al. 2019; Ko

et al. 2020; Yen et al. 2020). Le Gouellec et al. (2020) analysed

the polarization data from Class 0 sources statistically, and found an

interesting anticorrelation between the dispersion of the polarization

orientations and the polarization fraction. Another interesting trend,

first discussed in Cox et al. (2018) and quantified further in this paper

(see Section 2 below), is that the typical dust polarization fraction

on the 103 au scale of the inner protostellar envelope (�5 per cent) is

much higher than that on the 102 au disc scale (�1 per cent). While

the relatively high polarization fraction on the envelope scale is likely

still due to magnetically aligned grains (as on the larger cloud scale),

the origin of the much lower polarization fraction on the disc scale

is less certain.

One possible explanation of the lower polarization fraction on the

disc scale compared to that on the envelope scale is that the grains in

the disc are much larger than those in the envelope and thus harder to

align magnetically because of their longer Larmor precession time-

scale around the magnetic field (e.g. Lazarian 2007; Yang 2021). The
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Envelope–disc transition of dust polarization 609

higher density in the disc also makes it harder for grain alignment,

regardless of the alignment mechanism because of more frequent

randomizing collisions of the grains with their ambient gas. These

lead to a larger ratio of the Larmor precession time-scale to the gas

damping time-scale in the disc compared to that in the envelope, and

hence a lower magnetic grain alignment efficiency in the disc (see

equation 7 below), which may explain its lower polarization fraction.

A potential scenario is that the reduction factor of magnetic

alignment on the disc scale is so large as to render the polarized

emission from magnetically aligned grains undetectable. In this

case, another mechanism is needed to explain the lower but still

well-measured polarization at the ∼1 per cent level. The most likely

alternative to magnetically aligned grains is dust self-scattering,

which has been shown to be capable of producing per cent-level

polarization at (sub)millimetre wavelengths (Kataoka et al. 2015),

especially in inclined discs (Yang et al. 2016).

The goal of our investigation is therefore to quantify the change

in the dust polarization fraction and pattern in the transition from the

protostellar envelope scale to the disc scale and to determine whether

the observed trends in the transition can be explained by magnetically

aligned grains alone or whether scattering is also needed. In partic-

ular, we examine how the condition for magnetic grain alignment

at a given location in the protostellar system depends on its local

environment, including the gas density, magnetic field strength, and

the grain properties such as size and magnetic susceptibility. We also

take into consideration the possible enhancement of dust magnetic

susceptibility by superparamagnetic inclusions (SPIs) based on the

theory recently developed by Yang (2021). Our analytic model is

then tested in synthetic polarization of a simulated protostellar disc-

envelope system from Lam et al. (2019) to provide a qualitative

comparison to the ALMA observations discussed in Cox et al. (2018).

The rest of the paper is organized as follows. We first revisit

the ALMA polarization data of eight protostellar systems in the

Perseus molecular clouds presented in Cox et al. (2018) to quantify

the sharp drop in polarization fraction and change in polarization

orientation from the protostellar envelope scale to the disc scale

(Section 2). In Section 3, we provide an overview of the condition

for magnetic alignment of dust grains based on Yang (2021). The non-

ideal magnetohydrodynamic (MHD) disc formation simulations of

Lam et al. (2019) are described in Section 4, where we also present

the synthetic polarization observations and their comparison with

the ALMA data. Our results are discussed in Section 5. Section 6

summarizes our conclusions.

2 O BSERVATIONA L MOTIVATION: SHARP

ENVELOPE–DISC TRANSITION IN DUST

POLA R IZATION

The combination of sensitivity and resolution afforded by ALMA

makes it possible to detect polarized dust emission from the inner

protostellar envelope down to the disc scale. The behaviour of

the polarization in the envelope-to-disc transition region is well

illustrated in Cox et al. (2018), which presented ALMA Band 7

polarization data on 10 Class 0/I protostars in the Perseus molecular

clouds (distance ∼300 pc; Zucker et al. 2019). They found that on

the 100-au disc scale the polarization tends to be well ordered,

with a typical fraction of �1 per cent. In contrast, on the larger

envelope scale, the polarization becomes more disordered, with a

relatively large fraction of typically �5 per cent. These differences

were clearly visible in their polarization maps (see their figs 1–3)

and quantified through cumulative probability distributions of the

polarization fraction (see their fig. 4).

To characterize the polarization in the envelope–disc transition

further and facilitate a quantitative comparison of the observational

data with synthetic observations based on numerical simulation,

we re-examine the polarization data from Cox et al. (2018) from

a different angle by taking into account the spatial information more

directly. In particular, we want to know how the polarization fraction

and direction change with the distance from the centre. Since the

resolution of the ALMA data presented in Cox et al. (2018) is ≈0.4

arcsec, we regridded the data to have pixel size ≈0.2 arcsec so that

there are ∼2–4 pixels per beam. To correct for projection effects,

we need to know the system orientation in the plane of the sky

and inclination relative to the sky plane. For the orientation, we use

the outflow directions inferred in Tobin et al. (2015) and Stephens

et al. (2017, 2018). Since protostellar outflows are generally aligned

perpendicular to the equatorial plane of the system, we adopt the

orientation 90◦ to the outflow direction as the position angle of

the disc of the system. For the inclination angle of the system, we

use the disc orientation inferred from the Very Large Array (VLA)

Ka-band continuum observations by Segura-Cox et al. (2018), as

part of the VLA Nascent Disk and Multiplicity Survey of Perseus

Protostars (VANDAM) survey (Tobin et al. 2016), whenever such

measurement is available. For the other five systems that do not have a

well-measured inclination, we assume 45◦ for the inclination angle.1

Considering the targets are different in size, we further normalized the

derived radius by a characteristic ‘disc’ radius, defined as the radius

of a circle that encloses the same area as the ellipse at 10 per cent

maximum intensity from 2D Gaussian fitting of the ALMA Band 7

Stokes I image; i.e. we fit the emission with 2D Gaussian distribution,

measure the parameters of the ellipse at the 10 per cent peak level of

the fitted distribution, and calculate R10 per cent ≡
√

ab, where a, b are

the half lengths of the major and minor axes of the resulting ellipse

from the fitted Gaussian, respectively. The fitted Gaussian peak is

adopted as the centre of the system. The same masking criteria as in

Cox et al. (2018) are used, i.e. I > 5σ I and P > 3σ P. More details

on the de-projection process, as well as the parameters adopted for

individual sources, are described in Appendix A.

In Fig. 1, we plot, as scatter plots colour-coded by polarization

fraction, the combined distributions of the polarization fraction (left-

hand panel) and the inferred orientation of the polarization B-vector

(rotated from the E-vector by 90◦; right-hand panel), as a function of

the normalized (deprojected) distance from the centre for 8 of the 10

sources discussed in Cox et al. (2018). We note that, among the 10

sources presented in Cox et al. (2018), Per 41 has too few polarization

detections for meaningful analysis. The other source, Per 21, is

located within the highly perturbed protostellar envelope NGC 1333

IRAS 7 that harbours at least two other protostars (see e.g. Tobin

et al. 2016; Chen et al. 2019) with complex outflow morphologies

(Stephens et al. 2017). The complexity makes it difficult to assign an

outflow direction for Per 21 with confidence. We thus exclude it in

this study as well.

The left-hand panel of Fig. 1 shows that there is a clear trend for the

polarization fraction to stay roughly constant at typically a percent

level (although it is higher in a couple of cases; see discussion in

Section 4) within about one normalized radius (i.e. r/R10 per cent � 1)

and then rapidly increases outwards, reaching values as high as 10–15

per cent or more. As shown in Appendix A, the trend is clear in both

1We have tested that the inclination angle does not have a huge effect (unless

the system is nearly edge-on, which is less likely) on the features we show

in Fig. 1, since these features are visible even before de-projection (see

Appendix A). We therefore adopt a representative value of 45◦.
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610 K. H. Lam et al.

Figure 1. Trends of observed polarization from envelope to disc scales. Plotted as functions of the deprojected distance from the centre (normalized by

R10 per cent; see text for definition) are the combined distributions of the polarization fraction (left) and the orientation of the polarization B-vector (rotated from

the E-vector by 90◦; right), for 8 of the 10 protostellar systems presented in Cox et al. (2018). The orientation of the polar plot is rotated so that the disc major

axes align with the horizontal line. Also, the polar plot is mirror-imaged to reflect the degeneracy of polarization angles over 180◦. The polarization fraction is

colour coded in both panels to highlight its increase from the disc to envelope scale.

the cases where a large number of polarization vectors are detected

on the envelope scale (such as Per 2, Per 5, Per 11, and Per 29) and

those with fewer envelope-scale detections (such as Per 14, Per 18,

and Per 50). It is a robust feature that needs to be explained by

all models of envelope/disc polarization, including our own (see

Section 4 below).

The right-hand panel of Fig. 1 shows that the orientations of

the polarization B-vectors are clearly non-isotropic (e.g. two cav-

ities devoid of data points) within about one normalized radius

(R10 per cent), with a strong preference towards the disc orientation.

This is in strong contrast with the orientations on the larger (envelope)

scale, which are much more isotropic. The difference can also be

seen in individual sources (e.g. the right-hand panels of Fig. A2),

which tend to have much more uniform polarization orientations

(i.e. narrow distributions) on the disc scale than on the envelope

scale. Nevertheless, we note that there are noticeable offsets between

the disc-scale polarization orientation and the outflow-based system

major axis in some of our targets (Per 5, Per 11, Per 18, and Per 26;

see Fig. A2). It is unclear what is the physical reason introducing

such offset, and we discuss this further in Section 5. In any case,

the difference in the polarization orientations between the envelope

and disc scales is significant, and is another feature that needs to be

explained.

3 C O N D I T I O N FO R M AG N E T I C G R A I N

A L I G N M E N T

The simplest explanation of the observed drop in polarization fraction

from the envelope scale to the disc scale is that the grains are less

well aligned at higher densities, especially inside the discs. Here,

to explore this possibility quantitatively, we discuss the necessary

conditions for magnetic grain alignment based on the recent work by

Yang (2021).

The investigation of magnetic alignment of spinning dust grains

has a long and distinguished history (see Andersson et al. 2015 for a

review). Although there are different proposed mechanisms to spin-

up the dust grains, the current favourite is radiative alignment torque,

which appears capable of spinning up grains in protoplanetary discs

(e.g. Lazarian 2007; Tazaki, Lazarian & Nomura 2017). However,

for the spinning grains to align with the magnetic field, they have to

gyrate quickly around the magnetic field, with a Larmor precession

time-scale tL shorter than the gas damping time-scale on dust

grains td.

3.1 Larmor precession time-scale

It is well known that a spinning grain would be magnetized through

the Barnett (1915) effect. This spinning-induced magnetization can

be quantified as M = χ�/γ (Purcell 1979; Roberge, Degraff &

Flaherty 1993), where χ is the magnetic susceptibility, � is the

angular velocity, γ = gμB/� is the gyromagnetic ratio with μB =
9.27 × 10−21 erg G−1 (the Bohr magneton), and g ≈ 2 (the g-factor)

for electrons (Draine 1996). For a dust grain with a magnetic moment

|M|V , where V is the volume of the dust grain (i.e. V ≡ 4πa3/3 for

spherical grains with radius a), the magnetic torque exerted on the

dust grain by the external magnetic field B is roughly |M|V B. We can

therefore define a Larmor precession time-scale as (see e.g. Lazarian

2007; Yang 2021):

tL =
2πI |�|
|M|V B

=
4π (ρsV )a2/5γ

χV B
=

(

4πγ

5

)

ρsa
2

χB

= 2.6 × 1011 s

× χ̂−1

(

ρs

3 g cm−3

)(

Ts

15 K

)(

B

5 mG

)−1
( a

1 mm

)2

, (1)

where ρs is the mass density of the dust grain, and

χ̂ ≡ χ × 103

(

Ts

15 K

)

(2)
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Envelope–disc transition of dust polarization 611

is a dimensionless parameter of the magnetic susceptibility de-

termined by the composition of dust grains, and Ts is the dust

temperature.

For regular paramagnetic material, the magnetic susceptibility is

given as (e.g. Morrish 1980; Draine 1996)

χp =
npμ

2

3kT
, (3)

where np = fpntot is the number density of paramagnetic atoms with

fp the fraction of the atoms that are paramagnetic and ntot the total

atomic density, and μ = pμB is the averaged Bohr magneton per iron

atom. Draine (1996) noted that p ≈ 5.5 for paramagnetic materials,

and gave a realistic estimate of paramagnetic susceptibility:

χp = 4.2 × 10−2fp

( ntot

1023 cm−3

)

(

Ts

15 K

)−1
( p

5.5

)2

. (4)

For typical interstellar dust grains composed of {C, H, Mg, Si, Fe},

ρs ∼ 3 g cm−3 and ntot ∼ 1023 cm−3 (see e.g. Draine 1996). With fp

≈ 0.1 (Draine 1996), this suggests that the dimensionless parameter

χ̂ ∼ 1 in equation (1), which we will refer to as the ‘standard’ value

for paramagnetic grains.

3.2 Gas damping time-scale

Collisions between dust grains and surrounding gas particles have

the potential to randomize the angular momenta of grains and thus

limit the degree of magnetic alignment. In general, the damping

time-scale can be estimated as the time needed to accumulate the

same amount of mass from the gas material as the mass of the dust

grain (e.g. Purcell & Spitzer 1971). Assuming every colliding gas

particle sticks long enough on the grain surface for its kinetic energy

to become thermalized at the grain temperature, Roberge et al. (1993)

derived a gas damping time-scale

td =
2
√

π

5

ρsa

ngmgvg,th

= 3.37 × 108 s

(

ρs

3 g cm−3

)

×
( a

1 mm

)

(

ng

5 × 109 cm−3

)−1 (
Tg

15 K

)−1/2

(5)

for the simplest case of spherical grains,2 where ρs and a are the

mass density and size of the grain, ng the number density of the gas,

mg the mass per gas particle, and vg,th and Tg the gas thermal velocity

and temperature, respectively.

3.3 Condition for magnetic alignment with superparamagnetic

inclusions

Combining equations (1) and (5) and assuming that the dust grains

and gas particles are in thermal equilibrium (Ts = Tg ≡ T), we have

tL

td
= 771 ×

(

amm

χ̂

)(

B

5 mG

)−1 (
ng

5 × 109 cm−3

)(

T

15 K

)3/2

,

(6)

2Note that for polarization produced by B-field aligned grains, non-spherical

grains are required. None the less, the time-scale would be at the same order

of magnitude.

where amm ≡ (a/1 mm) is the grain size in units of millimetre.

Note that, as discussed in Yang (2021), the magnetic susceptibility

parameter χ̂ and the grain size a are degenerate in the ratio between

Larmor precession and gas damping. Equation (6) suggests that,

for paramagnetic materials with the standard value of magnetic

susceptibility χ̂ ∼ 1, only small, sub-micron-sized grains have tL

< td (and thus can align with the magnetic field) for the adopted

fiducial disc parameters of B ∼ 5 mG, ng ∼ 5 × 109 cm−3, and

T ∼ 15 K. However, χ̂ can be enhanced by a large factor when

superparamagnetic inclusions (SPIs hereafter) are present in the

grains (Jones & Spitzer 1967).

Superparamagnetism appears in nanoparticles made of ferromag-

netic or ferrimagnetic materials. Unlike paramagnetic materials that

have only un-correlated electron spins, within one superparamagnetic

particle, all the atoms are spontaneously magnetized and behave like

a single large magnetic moment (‘macro-spin’; Bean & Livingston

1959), which could greatly increase the magnetic susceptibility. Yang

(2021) considered three types of candidate materials for the super-

paramagnetic inclusions, and estimated a maximum enhancement

factor of χ̂max ∼ 1.1 × 103 for Fe3O4 (magnetite), ∼3.7 × 103 for

γ -Fe2O3 (maghemite), and ∼7.0 × 104 for the extreme case of pure

metallic iron (see their table 1). Since magnetite and maghemite

are more likely representative of superparamagnetic materials than

metallic iron, the magnetic susceptibility is likely enhanced by a

maximum factor up to a few thousands at most, rather than tens of

thousands. Yang (2021) also noted that this maximum enhancement is

a hard limit determined by the crystalline structure of the SPI material

and the energy needed to overcome the crystalline structure and align

the initially randomly oriented magnetic moments inside the SPIs to

the direction of the external magnetic field. The required energy is

proportional to the volume of the SPI. It therefore takes longer to

align larger SPIs because of a larger energy required. Indeed, the

alignment time-scale is exponentially sensitive to the SPI size (see

equation 9 of Yang 2021), which severely limits the contributions

of SPIs larger than the critical size to the magnetic susceptibility of

the dust grain. Indeed, the maximum enhancement is reached only

when all SPIs inside a grain have the (same) critical size, which is

unlikely.

As briefly discussed in Yang (2021), while no magnetic alignment

is expected when the Larmor precession time-scale is longer than the

gas damping time-scale (tL > td), tL < td does not guarantee magnetic

alignment. The grain needs to gyrate around the magnetic field

multiple times within a single gas damping time in order to ensure

magnetic alignment, which leads to a more stringent alignment

condition: tL < td/η, where η (>1) is the number of gyrations per

gas damping time needed for grain alignment. The exact value of

η is uncertain; in the discussion below, we will follow Yang (2021)

and adopt a fiducial value of 10. Making use of equation (6), the

alignment condition becomes

λ ≡ 771 ×
(

B

5 mG

)−1 (
ng

5 × 109 cm−3

)(

T

15 K

)3/2

< ξ ≡
χ̂/η

amm

,

(7)

where the dimensionless parameter λ and ξ encapsulate, respectively,

the combination of the gas and magnetic field quantities and of

the grain properties that enter the alignment condition. They will

be referred to as gas and grain alignment parameter respectively

hereafter. In regions where the gas alignment parameter λ is larger,

the grains are harder to magnetically align because of a higher gas

density ng, a higher temperature T, or a lower magnetic field strength

B. Conversely, grains with a larger grain alignment parameter

MNRAS 507, 608–620 (2021)
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612 K. H. Lam et al.

ξ are easier to align magnetically because of a larger magnetic

susceptibility enhancement χ̂ by SPIs, a smaller grain size a, or a

less stringent requirement on the number of times η that the spinning

grains need to gyrate around the field line before being knocked off

by gas collisions in order to be magnetically aligned. In particular,

in the protostellar envelope where the gas density ng is lower and

the grain size a is expected to be smaller, the condition for magnetic

alignment should be satisfied more easily. In the next section, we will

quantify how the condition affects the polarization in the transition

region from the protostellar envelope scale to the disc scale, using the

physical quantities obtained from a non-ideal MHD disc formation

simulation.

4 MOD ELLIN G DUST POLARIZATION

4.1 Model set-up and synthetic observations

The simulation to be used for our polarization modelling comes

from Lam et al. (2019), which contains a series of non-ideal MHD

simulations of turbulent core collapse and disc formation with a

range of values for the turbulent level and ambipolar diffusion (see

their table 1). The simulations are isothermal with a temperature

of 10 K. They start with a centrally condensed core of 0.5 M� in

mass and 2000 au in radius and an initial solid-body rotation of

� = 6 × 10−13 s−1. For the purpose of illustrating the difference

in dust polarization between the protostellar envelope and disc, we

pick a high-resolution version of their model M1.0AD10.0, which

has an initial turbulence Mach number of 1.0, a relatively large

ambipolar diffusion coefficient that is ten times the fiducial value

based on the standard cosmic ray ionization rate of 10−17 s−1 (see

e.g. Shu 1992), and a ∼100 au disc. The simulation was performed

using the ATHENA code (Stone et al. 2008) on a uniform base grid of

5123. It was zoomed in once with half box length while keeping the

number of cells fixed at 5123, which yields a minimum resolution

of 5 au. The high-resolution simulation data at the time when the

disc is well formed around the central protostar of 0.22 M� is used

for our polarization analysis. The disc can be clearly see in the top

panel of Fig. 2, which shows a 3D view of the density distribution,

together with several representative magnetic field lines. The bottom

panel shows the polarization vectors obtained through the procedure

discussed next.

In the simplest case of optically thin dust with a spatially

homogeneous grain alignment efficiency, the Stokes parameters I,

Q, and U of dust thermal emission along a given line of sight are

given by (see e.g. Fiege & Pudritz 2000)

I =
∫

ρ

(

1 − α

(

cos2 γ

2
−

1

3

))

ds, (8a)

Q = α

∫

ρ cos 2ψ cos2 γ ds, (8b)

U = α

∫

ρ sin 2ψ cos2 γ ds, (8c)

where ρ and s are, respectively, the mass density at a given location

and the distance into the cloud of that location along the line of

sight. The polarizability parameter α is determined by the grain

cross sections and alignment properties and assumed to be spatially

constant. The quantity γ is the inclination angle of the field line with

respect to the plane of the sky, and ψ is the angle of the magnetic

field from the direction of positive Q in the sky plane. The maximum

degree of polarization p0 is related to the parameter α through p0 =
α/(1 − α/6). For simplicity, we set α = 10 per cent, which yields

Figure 2. (a) A 3D view of the density distribution and magnetic field lines

of the simulated protostellar envelope-disc system that is used for the dust

polarization modelling. Plotted are the iso-density surfaces at ng = 107, 108,

109, 1010 cm−3 (semitransparent surfaces) and a sample of magnetic field

lines, viewed at an angle of 45◦ to the rotation axis (as in the synthetic

polarization maps in the bottom panel and in Fig. 3 below). (b) Polarization

(B-)vectors (with length proportional to the polarization fraction) superposed

on the colour map of (mass) column density.

p0 = 10.17 per cent.3 The polarization fraction and direction are

obtained from the Stokes parameters through

p =
√

Q2 + U 2

I
, φ =

1

2
arctan2(U,Q). (9)

There are a few complications. First, the densest part of the

protostellar disc formed in our simulation is moderately optically

thick, which could lower its polarization fraction somewhat (Yang

et al. 2017; Lin et al. 2020). The optical depth (and associated

extinction) is accounted for by solving the vector radiation transfer

equation, as described in Appendix B. Secondly, the magnetic

3The maximum polarization parameter p0 should in principle be determined

from grain alignment theory, as done in, e.g. Valdivia et al. (2019) and

Kuffmeier et al. (2020), using the POLARIS code (Reissl, Wolf & Brauer

2016). However, the uncertainties in the grain properties, especially their

shapes, make it difficult to firmly predict this parameter. Our choice is guided

by the typical values observed in the inner protostellar envelopes of the

Perseus protostars. It is the same as the constant value adopted by Valdivia

et al. (2019) but somewhat smaller than the value of 15 per cent adopted by

Padovani et al. (2012) and Lee, Hull & Offner (2017).
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Envelope–disc transition of dust polarization 613

alignment efficiency is not expected to be spatially homogeneous,

with grains in denser regions less likely magnetically aligned, as

discussed in Section 3. We capture this effect using a magnetic

alignment probability A, defined in each voxel of the simulation

based on the alignment condition, equation (7):

A =

{

1, if the voxel satisfies equation (7)

0, if the voxel does not satisfy equation (7).
(10)

Finally, it is well known that dust scattering can provide significant

polarization in inclined discs along the disc minor axis (Kataoka et al.

2015; Yang et al. 2016). To account for this possibility, in one of the

models, we added a scattering-induced polarization of fraction psca

(see Section 4.2 below for discussions on the value of psca) along the

disc minor axis (which is the negative Q direction in our set-up) only

in those voxels that do not satisfy the magnetic alignment condition

(i.e. A = 0).

The synthetic observations are conducted at a resolution of 5 au.

To provide better comparison to the ALMA observations of Cox

et al. (2018), we smoothed the synthetic I, Q, and U maps with a 2D

Gaussian beam with FWHM = 10 pixels (corresponding to ∼50 au),

which is large enough to illustrate the beam convolution effect but

small enough that the envelope and disc scales remain distinct (see

Fig. 3 below). To be consistent with our analysis on the observational

data, we downsampled the smoothed synthetic observations to have

≈4 pixels per beam. We did not include any noise in the synthetic

observations but applied the same masking criteria (I > 5σ I, P >

3σ P, where P =
√

Q2 + U 2 is the polarized intensity and σ I, σ P

are mean values measured from a relatively quiescent 10 × 10 pixel2

region on our synthetic maps) as adopted in Cox et al. (2018) for

consistency and better comparison with data.

4.2 Model results

We consider four models that cover a range of parameters, with the

simulated system viewed along a representative line of sight that is

45◦ to the disc plane (i.e. an inclination angle i = 45◦). The model

names and parameters are listed in Table 1. We follow the same

deprojection process as described in Section 2 and Appendix A with

the known projected disc orientation (horizontal) and inclination

angle (45◦). Similar to Fig. 1, we plot the polarization fraction and

angle as functions of the normalized, inclination-corrected radius for

each synthetic observation in Fig. 3.

We start the discussion with the simplest case of spatially ho-

mogeneous magnetic grain alignment without scattering (Model

Xi-inf-NoSca, the first row of Fig. 3). In this case, the alignment

condition is satisfied everywhere, including in the densest part of

the disc. To facilitate comparison with observations, we masked out

regions with polarized intensity P < 3σ P, which creates several

spatially coherent patches of high polarization separated by stripes

of lower polarization. Since the dust is aligned with the magnetic

field everywhere, the relatively low polarization stripes are caused

by a combination of field orientation along the line of sight and,

more importantly, the variation of the field component in the sky

plane, which leads to a cancellation of the polarized emission (e.g.

Kataoka, Machida & Tomisaka 2012). A clear example of the lower

polarization stripes is located to the upper-left of the disc (see

the upper-left panel of Fig. 3 and, more clearly, Fig. 2(b), where

the polarization map is not beam-convolved). The low polarization

in this region comes from its magnetic field lines being pinching

by the radial infall and twisted by rotation at the same time,

which results in roughly orthogonal magnetic fields at different

locations along the same line of sight (see Fig. 2a for a visual

impression).

It is obvious that the simplest model fails to reproduce the observed

trends in two ways. First, although the polarization fraction on the

envelope scale is broadly consistent with the observed values, that

on the disc scale is higher than typically observed. This is not too

surprising since the magnetic field in the densest part of the disc

that dominates the dust emission is rather well ordered (and not

along the line of sight; see the representative field lines threading

the disc in Fig. 2a for an illustration), which leads to relatively little

cancellation of polarized emission. Indeed, the polarization fraction

would be even higher without the beam-convolution, as can be seen

from Fig. 2(a), which shows that the intrinsic polarization fraction

(before beam convolution) on the disc scale is comparable to that

on the envelope scale. Clearly, magnetic field geometry alone cannot

explain the large reduction of the polarization fraction on the disc

scale compared to the envelope scale. Secondly, there is substantial

variation of the polarization orientations on the disc scale except in

the very central region (r � 0.4R10 per cent), where the polarization

is aligned perpendicular to the disc major axis. The reason for this

polarization orientation is that the magnetic field threading the disc

has a significant poloidal component (as opposed to being wound up

by disc rotation into a completely toroidal configuration, presumably

because of the relatively large magnetic diffusivity that enabled the

disc to form and survive in the simulation in the first place). We

should note that the beam convolution makes the orientations of the

polarization vectors in the inner part of the disc more ordered but this

effect is relatively moderate (compare Figs 2b and the top-left panel

of Fig. 3). In particular, it does not make the polarization (B-)vectors

preferentially align with the system major axis, which is one of the

observed trends for the disc-scale polarization (see the right-hand

panel of Fig. 1).

We next consider Model Xi-100-NoSca with the grain alignment

parameter ξ on the right side of the equation (7) set to 100 instead

of ∞. The results are shown in the second row of Fig. 3. Note that

the combination of physical parameters to reach ξ ≡ χ̂/(ηamm) =
100 is not unique. For the fiducial choice of η = 10, the value

corresponds to micron-sized (amm = 0.001), regular paramagnetic

grains without any superparamagnetic inclusions (χ̂ = 1). Another

combination is to have much larger, mm-sized grains (amm = 1)

with the magnetic susceptibility enhanced by a factor of 1000 (χ̂ =
103) by SPI. Compared with the simplest model with a spatially

homogeneous grain alignment (Model Xi-inf-NoSca, first row), the

polarization on the envelope scale appears little affected, indicating

that the grains there remain efficiently aligned with the magnetic

field. In contrast, the polarization on the disc scale is drastically

reduced, to a level well below 1 per cent.

The reason for the reduction can be understood from Fig. 4, where

we show a face-on view (along the z-axis) of the spatial distributions

(in the x−y plane) of the gas number density ng, the magnetic

field strength B, and the corresponding dimensionless gas alignment

parameter λ defined in equation (7). Along each z-sight line, these

quantities are plotted at the location where the density is the highest,

which is chosen to highlight the disc. It is clear that, while both the

magnetic field strength and the density increase from the envelope to

the disc, the density increases by a much larger factor, making it easier

for the collisions with gas particles to damp out the Larmor precession

of the spinning grains around the magnetic field in the disc than in the

envelope. This drastic difference between how the density and field

strength vary from the envelope to the disc scale is quantified in panel

(d), where we plot the average and range of these two quantities at

each radius. The difference is reflected in the distribution of the gas

MNRAS 507, 608–620 (2021)
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614 K. H. Lam et al.

Figure 3. Comparing the four models of synthetic polarization considered in this study. Top to bottom: Model Xi-inf-NoSca, Xi-100-NoSca, Xi-2000-NoSca,

and Xi-100-Sca (see Table 1 for model parameters). Left-hand panels: Maps of total intensity (with mask I > 5σ I), overplotted with polarization (B-)vectors

(green segments), with length proportional to the polarization fraction. Grey contours show the masking boundaries P = 3σP adopted when calculating the

scatter plots (middle and right-hand panels). Black open circles mark the locations of the protostar, and black dashed ellipses represent the disc defined by

horizontal position angle and 45◦ inclination, with size comparable to the contour of 10 per cent peak intensity). Middle and right-hand panels: scatter plots of

polarization fraction (middle) and angle (right) in the corresponding envelope–disc system, as in Fig. 1. The polarization fraction is colour coded in both panels.

alignment parameter λ∝ng/B, which is plotted in panel (e). Clearly,

λ increases rapidly as the radius decreases, crossing the value of 100

adopted for the grain alignment parameter ξ for Model Xi-100-NoSca

(the lower dashed line in the panel) around a radius of order 200 au.

In the envelope outside this radius, the grain alignment condition

λ < ξ (equation 7) is satisfied, which leads to a high polarization

fraction. Interior to this radius, the alignment condition is violated

for most of the mass, which leads to a polarization fraction well

below the observed value. An implication of this deficiency is that

the observed disc-scale polarization is unlikely produced by large,

MNRAS 507, 608–620 (2021)
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Envelope–disc transition of dust polarization 615

Table 1. Model parameters and outcome.

Model name ξ psca Consistencya

Xi-inf-NoSca ∞ 0.0 No

Xi-100-NoSca 100 0.0 No

Xi-2000-NoSca 2000 0.0 Partially

Xi-100-Sca 100 1 per cent Yes

Note. aWhether or not the model is broadly consistent with the observed

polarization trends from the envelope to disc scale discussed in Section 2.

mm-sized, magnetically aligned grains since it would require an

unrealistically large enhancement of the magnetic susceptibility (by

a factor more than 103).

To increase the polarization level on the disc scale, we consider a

larger grain alignment parameter, ξ = 2000 (Model Xi-2000-NoSca,

third row of Fig. 3). For the fiducial value of η = 10, this choice

corresponds to χ̂ = 20000 amm, which means that, for large mm-

sized grains, the magnetic susceptibility must be enhanced by a

factor close the maximum possible value for the extreme case of

pure metallic iron as the material for superparamagnetic inclusions

(Yang 2021); the requirement would be even more extreme when

the higher temperature on the disc scale is taken into account. For

smaller grains, the requirement is less extreme. For example, for

1 µm-sized grains, the enhancement factor is 20. In any case, with

the grain alignment parameter ξ increased from 100 to 2000, we

are able to increase the polarization fraction on the disc scale from

� 1 per cent to ∼ 1 per cent, more in line with the typically observed

values. At the same time, this polarization fraction is smaller than

that of Model Xi-inf-NoSca, where the magnetically aligned grains

in the disc produce a polarization fraction significantly above the

typically observed values.

Even though Model Xi-2000-NoSca has enough magnetic align-

ment of the grains to produce a polarization fraction in line with the

typically observed values on the disc scale, its polarization orienta-

tions differ substantially from the observed trend. In particular, there

is a significant variation in polarization orientation on the disc scale,

with a preference along the disc minor axis, which is the opposite of

the observed trend. This discrepancy motivates us to consider a model

that includes another polarization mechanism – dust scattering.

The degree of continuum polarization produced by dust scattering

depends sensitively on the grain size. At the wavelength of ALMA

Band 7, the optimal size is of order 102
µm (Kataoka et al. 2015).

Such grains would typically produce a per cent-level polarization

with E-vectors along the minor axis of the inclined disc (e.g. Kataoka

et al. 2016; Yang et al. 2016). To capture this effect, we add in

Model Xi-100-Sca a scattering-induced polarization to Model Xi-

100-NoSca according to the prescription given in equation (B5),

with psca = 0.01. The result is displayed in the last row of

Fig. 3.

As expected, the polarization structure of Model Xi-100-Sca is

very similar to that of Model Xi-100-NoSca on the envelope scale,

where the grains remain mostly aligned to the magnetic field in both

cases (comparing the second and fourth row of Fig. 3). The main

difference comes from the disc scale, where the scattering in the

former has now produced a per cent-level polarization with the B-

vectors preferentially along the major axis of the disc, as suggested

by the ALMA observations in Cox et al. (2018). This hybrid model,

with polarization on the envelope scale dominated by magnetically

aligned grains and that on the disc scale by scattering, is thus the

best of the four representative models considered in this paper for

interpreting the observational results.

5 D ISCUSSION

We would like to point out that since the simulations in Lam

et al. (2019) are isothermal, the temperature dependence in the

gas alignment parameter λ (see equation 7) is neglected in our

analysis in Section 4.2. However, we note that the increase in λ

from the envelope to the disc scale is expected to be even faster when

the temperature gradient is taken into account under the following

considerations. Generally speaking, the temperature and thermal

velocity (proportional to
√

T ) are expected to be higher at small

radii. Assuming hydrostatic equilibrium, the thickness of the disc is

proportional to the thermal velocity, and the gas density is inversely

proportional to the disc height. This decrease in density as a result

of the thicker disc cancels out the dependence of collision frequency

(or the gas damping time-scale; see equation 5) on the increasing

temperature, resulting in a similar gas damping time-scale. However,

the higher temperature also reduces the magnetic susceptibility

and increases the Larmor precession time-scale (see equation 1),

making magnetic alignment more difficult for dust grains in the disc.

Therefore, including a temperature dependence in our analysis in

Section 4.2 would not enhance magnetic alignment on the disc scale,

and thus our qualitative conclusion would be strengthened.

Though we present the observational data from eight sources as a

combined plot in Fig. 1, it is important to consider the differences

among individual sources. In particular, we note that some of the

protostellar systems have higher disc-scale polarization level than

the others. This can be seen in the left-hand panel of Fig. 1: While the

majority of the cells at r/R10 per cent � 0.5 have polarization fraction

≈0.01, there are systems showing p ≈ 0.02−0.03 at the innermost

region of the disc (also see Fig. A2). The detailed analysis of

individual protostellar systems is beyond the scope of this paper, but

we would like to note the possibility that though dust scattering works

well for the general trend of the disc-scale polarization, magnetically

aligned grains may still dominate the polarization observed in some

protostellar systems if the grains have relatively small sizes and/or

their magnetic susceptibility is greatly enhanced by SPIs.

We also note that, while the preference of the B-vectors to align

with the major axis of the disc is clear in the ALMA data, they

could be offset by up to ∼45◦ (see Section 2; also see Fig. A2).

Since we derived the direction of the disc major axis from the

outflow orientation, which has a relatively low uncertainty (typically

� 10◦; see e.g. Stephens et al. 2018), this offset is likely real

if the outflow is launched perpendicular to the disc, as generally

expected. It is possible that in the systems with large polarization-disc

orientation offsets (Per 5, Per 11, Per 18, and Per 26; see Fig. A2), the

scattering-induced polarization on the disc scale is contaminated by

that from magnetically aligned grains, whose orientation can deviate

significantly from the disc major axis (see e.g. the top panel of Fig. 3).

Higher resolution observations are needed to test this possibility.

6 SU M M A RY

We have re-analysed the ALMA Band 7 polarization data from

Cox et al. (2018) for deeply embedded protostars in the Perseus

molecular cloud on the scales of inner protostellar envelopes and

discs. A simple dust polarization model was constructed based on

recent theoretical work by Yang (2021) and the non-ideal MHD

disc formation simulations of Lam et al. (2019) to explain the

observational trends. Our main results are summarized as follows:

1. Using scatter plots, we quantified the observational trends first

identified in Cox et al. (2018) that the polarization fraction stays

relatively constant at a typical level of ∼ 1 per cent on the disc

MNRAS 507, 608–620 (2021)
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616 K. H. Lam et al.

Figure 4. Face-on view of the spatial distributions (in the x–y plane) of (a) volume density, (b) the magnetic field strength, and (c) the dimensionless gas

alignment parameter λ (see equation 7), at the location along each z-sight line where the density is the highest. The small black circle highlights the location

of the sink (stellar) particle in the simulation. Also plotted are the azimuthal average and range of the density and field strength (panel d) and gas alignment

parameter λ (panel e) as a function of radius. Note that λ is larger in the disc than in the envelope, indicating that the condition for magnetic alignment is harder

to satisfy in the former than in the latter. The grain alignment parameter adopted in Models Xi-100-NoSca and Xi-100-Sca (ξ = 100) is shown as the lower

dashed horizontal line in panel (e), and that in Model Xi-2000-NoSca (ξ = 2000) as the upper dashed line.

scale (r � R10 per cent) and increases sharply going from the disc to

the envelope scale (see the left-hand panel of Fig. 1). In addition,

the polarization (B-)vectors tend to orient more perpendicular than

parallel to outflow axis (right-hand panel of Fig. 1), indicating a

preferential alignment with the disc major axis, under the assumption

that all polarization is from magnetically aligned grains. These

quantitative behaviours provide guidance to theoretical models of

dust polarization in the earliest phases of low-mass star formation.

2. Using MHD simulations of disc formation enabled by a

combination of ambipolar diffusion and turbulence (Lam et al.

2019), we showed that the observed sharp reduction of polarization

fraction from the envelope to disc scale cannot be explained by

the magnetic field geometry alone. The magnetic field on the disc

scale is rather well ordered (see Fig. 2) and produces an intrinsic

polarization fraction comparable to that in the envelope. Beam

averaging can significantly reduce the polarization fraction on the

disc scale, making it more consistent with the typically observed

values. It cannot, however, make the orientations of the polarization

(B-)vectors preferentially align with the system major axis (see Fig. 3,

first row), which is one of the observed trends.

3. Our MHD simulations show that the magnetic field strength

increases from the envelope to the disc scale (Figs 4a and d), which

tends to increase the ability of the magnetic field to align the spinning

grains. However, this tendency is overwhelmed by the much faster

increase in density (Figs 4b and d), making grain alignment more

difficult through more frequent gas collisions. We show that large,

mm-sized grains cannot be aligned by the magnetic field on the

disc scale to produce the typically observed polarization level of

∼ 1 per cent even if their magnetic susceptibility is enhanced by an

uncomfortably large factor of 103 (see the second row of Fig. 3). In

MNRAS 507, 608–620 (2021)
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Envelope–disc transition of dust polarization 617

order for such large grains to be aligned well enough to account for

the percent level polarization, the enhancement factor must reach a

factor of ∼2 × 104 (see the third row of Fig. 3), which is unlikely

since it is close to the maximum factor estimated for the extreme case

of metallic iron as the material for superparamagnetic inclusions.

For smaller grains, the required enhancement factor is less extreme.

For example, for 1 µm grains, it is a factor of 20, which is still

quite significant; it is unclear whether such an enhancement can be

naturally achieved or not. Even if the required enhancement can be

achieved, the resulting polarization (B-vector) orientation does not

show a preference for the major axis on the disc scale, which is

inconsistent with the observed trend.

4. The model most consistent with the observed trends is the

one where the polarization on the envelope scale is dominated

by magnetically aligned grains (with a relatively large maximum

polarization fraction of order 10 per cent) and by scattering on the

disc scale. The former is consistent with the expectation that the

grains in the low-density envelope remain relatively small and thus

more easily aligned magnetically because of fast Larmor precession

and long gas damping time-scale. The latter requires grains of order

0.1 mm in order to efficiently produce polarization at (sub)millimetre

wavelengths through scattering.
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APPENDI X A : D EPRO J ECTED POLARI Z ATIO N

R E S U LTS FO R I N D I V I D UA L S O U R C E S

In this appendix, we describe the procedure for deprojecting the dust

continuum map to obtain the distributions of the polarization fraction

and orientation as a function of the radius for 8 of the 10 protostellar

systems reported in Cox et al. (2018). As discussed in Section 2, we

define a disc plane for each source based on its outflow direction

inferred from the MASSES survey (Stephens et al. 2017, 2018). The

inclination angle of a system to the plane of the sky could be more

uncertain unless a well-defined dust disc is observed and fitted. This

is the case for three of our eight targets using the analysis from the

VANDAM (Segura-Cox et al. 2018). We thus use the protostellar

disc-fitted inclination angles for these three systems (Per-emb-11,

Per-emb-14, Per-emb-50). For the remaining protostellar systems
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618 K. H. Lam et al.

Figure A1. Demonstration of the deprojection and renormalization effects on observation data, using Per 14 as the example. Left: total intensity map (in Jy per

beam) and polarization (B-)vectors from ALMA Band 7 observation presented in Cox et al. (2018), with outflow directions indicated by blue and red arrows and

beam in the lower left corner. The Gaussian-fitted 10 per cent peak intensity contour (purple ellipse) and the inferred disc adopted in the deprojection process

(radius = R10 per cent and inclination = 45◦; black dashed ellipse) are also marked. Middle and right: similar to Fig. 1 but for the original (top), deprojected

(middle), and deprojected and normalized (bottom) data of Per 14. The polarization fraction is colour coded, with the colour bar shown on the right.

without well-established discs, we adopt a single value of 45◦; the

exact value adopted for the inclination angle does not change our

conclusions qualitatively.

To compare the polarization data from discs with different sizes,

we normalize the distance from the centre by a characteristic radius

R10 per cent. As described in Section 2, it is the radius of a circle

that encloses the same area as the ellipse at 10 per cent maximum

intensity from 2D Gaussian fitting of the ALMA Band 7 Stokes

I image. It is not our intention to claim that R10 per cent represents

the actual disc radius, although the transition from disc-scale to

envelope-scale polarization patterns does seem to happen between

∼ 1 and 2 R10 per cent for all protostellar systems investigated in this

study (see e.g. Fig. 1).

The effects of the deprojection and radius normalization are

illustrated in Fig. A1 for Per-emb-14. The middle column shows

the polarization fraction as a function of distance to the centre of

the system (defined as the location of the peak intensity), both

before (top) and after (middle) the deprojection, and after the

normalization with R10 per cent (bottom). The normalization suggests

that the transition from flat (disc-scale) to steep (envelope-scale) p−r

correlation happens roughly at R10 per cent (vertical dotted line in the

middle panel). The right column of Fig. A1 shows the corresponding

polar plot of the polarization orientations. Note that our deprojection

routine only provides a correction on the distance to the system centre

and does not modify the orientation of the polarization segments; this

is the reason why the distributions of polarization orientations in the

polar plots (the right-hand panels of Fig. A1) are barely impacted by

the deprojection process.

Fig. A2 summarizes the deprojection results for the eight ALMA

targets considered in this study except for Per-emb-14, which is

presented in Fig. A1. The deprojection parameters (position angle,

inclination angle, normalized radius R10 per cent) for individual sys-

tems are listed in Table A1. The disc-to-envelope transition of the

p−r correlation at the distance ∼ 1–2R10 per cent is clear in all systems.

We would like to point out that such transition is not an artificial

result of our deprojection routine; in fact, it could also be seen even

before deprojection (see e.g. Fig. A1), and the deprojection simply

highlights this transition.
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Envelope–disc transition of dust polarization 619

Figure A2. Summary of the ALMA Band 7 polarization observations towards the eight protostellar systems investigated in this study (with the exception of

Per 14) and the deprojection results. Plotted are the ALMA Band 7 polarization B-vector map (left column) superposed on the dust continuum (background

colour map in Jy per beam with mask I > 5σ I, outflow direction indicated by red and blue arrows and beam in the lower right corner), the scatter plots of the

polarization fraction as a function of the normalized distance (middle column; darker colour means more pixels), and the scatter plots of the B-vector orientations

(0◦ for north, right column) with the ‘disc plane’ defined from the outflow direction marked as the dashed horizontal cyan line (i.e. the polar plots are rotated so

that the position angle of the disc is horizontal). The polarization fraction is colour coded, with the colour bar shown on the right.
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620 K. H. Lam et al.

Table A1. Deprojection parameters for individual sources.

Target PAa inclinationb R10 per cent Regridded Regridded

(◦) (◦) (au) 0.1 arcsec 0.2 arcsec

Per 2 39 45 311 301 313

Per 5 35 45 126 126 139

Per 11 72 44c 138 137 154

Per 14 5 64c 123 121 134

Per 18 60 45 161 158 166

Per 26 72 45 109 109 125

Per 29 42 45 117 117 136

Per 50 14 67c 103 103 126

Notes. aThe disc major axis is taken to be perpendicular to the outflow

direction given in Stephens et al. (2018).
bAssumed to be 45◦ unless otherwise noted.
cFrom Segura-Cox et al. (2018).

APPE N D IX B: EXTINCTION O F POLARIZE D

EMISSION

To properly account for the extinction of polarized emission, one

needs to solve the vector radiation transfer equation:

d

ρ ds
S = −K S + Bν(T ) a, (B1)

where S = (I ,Q, U ) is the radiation (Stokes) vector, s the distance

along the light path, and Bν(T) the Planck function. The extinction

matrix K and absorption vector a are related to the extinction and

polarization opacities, Ce and Cp, by (see e.g. the POLARIS code;

Reissl et al. 2016)

K =

⎛

⎜

⎜

⎝

Ce Cp cos 2ψ Cp sin 2ψ

Cp cos 2ψ Ce 0

Cp sin 2ψ 0 Ce

⎞

⎟

⎟

⎠

, (B2a)

a =
(

Ce Cp cos 2ψ Cp sin 2ψ
)T

, (B2b)

where ψ is the angle between the magnetic field and the direction of

positive Q in the sky plane. Taking into account of the magnetic align-

ment condition, as specified by the magnetic alignment probability

A, defined in equation (10), we have the extinction and polarization

opacities given by

Ce = κ

{

1 − α

[

A

(

cos2 γ

2
−

1

3

)

+
1 − A

6

]}

, (B3a)

Cp = κ α A cos2 γ, (B3b)

where κ is the dust opacity (cross-section per gram of gas rather

than dust), which is taken to be κ = 1.75 × 10−2 cm2 g−1 (assuming

a gas-to-dust mass ratio of 100) at Band 7 (Ossenkopf & Henning

1994, logarithmically interpolated at 870 µm).

One way to solve the vector radiative transfer equation (B1) is

through the formal solution for the Stokes vector

S =
∫

T (s)
a + asca

κ
ρ ds (B4)

where the vector

asca =
(

0 −psca (1 − A) Ce 0
)T

(B5)

accounts for the scattering-induced polarization included in one of

the models in those simulation cells where the magnetic alignment

condition is not met (i.e. A = 0), and the matrix T (s) is obtained

from the integral

T (s) = �∞
s e−K(s′) ds′

, (B6)

where �∞
s denotes the (order-preserved) geometric integration along

the light path from the point of interest (s) to the ‘observer’ at

infinite distance of a function with a matrix exponential. Note that the

Stokes parameters (I, Q, U) obtained from equation (B4) at a given

frequency ν are normalized by the product κBν(T) at the frequency,

as in equation (8) for the optical thin limit. Indeed, equation (B4)

reduces back to equation (8) by setting A = 1 (magnetically aligned

everywhere) and κ → 0 (optically thin).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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